Gas turbines play a major role in the field of aviation owing to their high power to weight ratio and being self-contained, as compared to other conventional power generating units. The main function of the blades in gas turbines is imparting energy to, or extracting it, from a fluid stream. Since the underlying function of the blades is to smoothly change the velocity of fluid flow, they are generally comprised of parametric sculptured surface models. In absence of design data, the reverse engineering process can be considered as a major tool for modeling. Reverse engineering process involves sensing the geometry of existing part, creating a geometric model of the part from the sensed data and passing this model to an appropriate CAD/CAM system for manufacturing. This paper mainly deals with the modeling and analysis of gas turbine blades. The design data for a turbine blade is obtained using Reverse Engineering technique. Using the data so obtained, a model of the turbine blade is created in ANSYS FEA package. For the given loading conditions, the blade is analyzed for static structural analysis for different materials at varying centrifugal loads and different materials and a safe and feasible material is suggested.
Introduction
The present work deals with the modeling and analysis of a gas turbine blade, whose engineering drawings are unavailable. The design origin is also unknown and has to be manufactured using standard processes. A suitable material for the existing gas turbine blade is suggested, whose design data has been generated using the Reverse Engineering (RE) technique. The RE technology can be used to aid in manufacturing of spare parts when original parts inventory is exhausted. For mechanical parts the process involves sensing the geometry and then passing the sensed data to an appropriate CAD/CAM system for manufacturing. RE of mechanical parts require extraction of information about an instance of the particular part sufficient to replicate the part using appropriate fabrication techniques. Serious challenges must be overcome, however, for high accuracy of the parts and if models produced from sensed data are to be truly useful for manufacturing. The resulting models can be directly imported into featurebased CAD system without loss of semantics and topological information inherent in the feature-based representation.
Nomenclature
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Axial force F t Tangential force F c Centrifugal force
Importance of gas turbine blade design
A wide variety of machines with rotating components incorporate blades for imparting energy to, or extracting it from, various fluid streams. These include turbines, pumps, compressors, fans, propellers, etc. In all these applications, the blade design is critical for achieving optimal overall performance. Since the underlying function of the blade is to smoothly change the velocity of fluid flow, the blades are generally comprised of parametric sculptured surface models. The complex interaction between the fluid mechanics and the blade geometry is the main parameter in blade design. In gas turbines, the blade is subjected to high mechanical stresses and deformations due to the high fatigue loads. Hence considerations of these loads are very important in the design of a gas turbine blade.
Materials used in the manufacture of blades mainly include iron, nickel and cobalt with chromium, which forms one of major alloying elements, due to its high resistance to oxidation. Other alloying elements include most of the metals of periodic table. The most commonly used alloys in aircraft gas turbine blades are Timken alloys, Haste alloy, Nimonic alloy and Inconel. The use of ceramics for turbine blades is also considered and much more work is to be done on this problem. Materials working under high stresses and high temperatures have particular creep rates that result in varying strains. These result in a gradual change in blade morphology over time and the blades take up the original gap provided at their tips. This contact with casing results in failure.
Blade selection criteria
Turbine blades are the most conditioned members of a gas turbine. They must withstand (a) high operating temperatures, (b) high centrifugal tensile stress due to rotational speeds in the range of 8000-3000 rpm, (c) bending stress due to equivalent impulse load of the fluid acting at a certain distance from the fixing of the cantilever blade and (d) hot erosive and corrosive effects due to the high temperature combustion products such as CO2 and CO and CO with Oxygen.
Literature review
Numerous researchers attempted the RE problem of turbine blades in order to optimize the performance. Miller [1] discussed a new methodology for interactive design of turbo machinery blades. The blade design is represented as a Non-Uniform Rational B-spline (NURBS) surface and is written to a standard Initial Graphics Exchange Specification (IGES) file which has associativity with most design, analysis, and manufacturing packages. Miller used 'BladeCAD' software which offers easy creation and modification of blade geometric models using familiar blade design parameters.
Pratt and White [2] described the main cause for failure of first stage turbine blades of Space Shuttle Main Engine (SSME). It is shown that up to 50% of the blades in several units had cracks in the inside hollow core of the leading edge tips of blades, and the failure is a result of one of these cracks growing through the entire wall thickness of the blade. Tari [3] discussed one of the important challenges in gas turbine design is cooling of the turbines after high operating temperature uses. Je-chinhan and Dutta [4] discussed the sophisticated cooling scheme for continuous safe operation of gas turbine with high performance. Csaba [5] discussed the common failure mode for turbo machinery is high cycle fatigue of compressor and turbine blades, due to high dynamic stresses caused by blade vibration resonance with in the operating range of the machinery. Lawless [6] has conducted an experimental research program to improve the design capability for high-temperature turbines by providing a thorough, detailed understanding and data base of turbine flow fields and their effect on heat transfer. Chamis [7] evaluated the high velocity impact on the composite blade. Results show that the blade has relatively low damage tolerance at 0.999 probability of structural failure and substantial at 0.01 probability. Hackel [8] investigated methodologies and tools for the probabilistic analysis of jet engine performance. The effects of geometry variations of turbine blade airfoils, such as uncertain blade geometry due to uncontrollable manufacture deviations are studied for statistical analysis.
Reverse engineering technique is successfully employed in many situations and many developing countries go for reverse engineering in the production of defense systems such as propulsion systems for missiles. The fuel tank shape of the famous HARLEY DAVIDSON motorbike was earlier made of wood and converted to metal. Parts whose prior history is unknown and which are needed to be produced without lead-time are being successfully produced.
Menq [9] discussed the Coordinate Measuring Machine features and the need for RE process by digitizing the existing part and creating a CAD model using the data so obtained. Bradley [10] discussed the surface fitting and reconstruction of surfaces for the digitized data. In an experiment, the exhaust fan blade surface was divided into number of patches and then the patches were digitized individually. Some surface discontinuities are observed and are remodeled using CAD packages like 'ProE'. Bradley suggested that more number of points should be probed to get similar geometry of original component where geometry changes gradually or has sharp edges and internal surfaces. Sobh and Jayenes [11] discussed the importance of RE in industrial inspection and different types of instruments that are used in RE process.
Reverse engineering process
If only one original part is available, it has to be handled with utmost care during the process as the original part is crucial for validation. The component must be thoroughly examined and the prominent geometric feature affecting the working of that component must be extracted and the feature which can be measured manually is also estimated. Such features encompass prismatic and geometric shapes. All other features such as free-formed surfaces and complex contours and 3D surfaces are measured using other techniques such as scanning, acoustics and optical methods. All the dimensions which can be measured manually are taken with the help of available measuring devices such as Vernier Calipers, height gauge, etc. The features which cannot be measured manually can be obtained through any available digitization techniques. The typical Reverse engineering process can be summarized in the following sequence: (i) physical model which needs to be redesigned or to be used as the base for new product; (ii) scanning the physical model to get the point cloud. The scanning can be done using various scanners available in the market; (iii) processing the points cloud includes merging of points cloud if the part is scanned in several settings. The outlines and noise is eliminated. If too many points are collected then sampling of the points should be possible; (iv) creating the polygon model and prepare .stl files for rapid prototyping; (v) preparing the surface model to be sent to FEA packages for analysis; and (vi) Generating tool path with a CAM package for suitable CNC machine manufacturing of final part on the CNC machine.
Digitizing the turbine blade
First the blade is studied to identify the features for digitizing. The turbine blade is divided into sections accordingly. More number of sections are made at the vicinity of the embossed region and the bent region. Along the identified sections, the probing is done to get the point cloud data. The entire outer edge of the turbine blade is digitized to get the size of the point cloud data. The following procedure followed to obtain the coordinate point data:
Select the suitable probe depending on the complex geometry of turbine blade. Here straight probe of 0.5 mm diameter is used Clamp the turbine blade to restrict the degrees of freedom Selecting the Element option in the main menu of Usoft to probe the edge coordinate of the blade root Probe at different point along the aero foil section of turbine blade The output file gives the coordinates of probed points along the blade length. These coordinates are taken from fixed reference point
Modelling the blade geometry
The geometric model of the gas turbine blade is generated using ANSYS. The key point data for the turbine blade obtained from the measurements is used to create areas using the splines and lines options Fig 1(a) shows the first step of this process. These surfaces are then processed to generate a typical solid model of the blade as shown in Fig  1(b) . For the analysis of gas turbine blade five different types of materials are chosen. The main properties are summarized in Table 1 . Since the blade is not of regular shape, free meshing is opted with either the element edge length or the number of elements given as input in ANSYS. By giving this value a regular mesh can be obtained. This method reduces both problem size and computational time. An edge length of 1mm is chosen in the present study.
Static analysis of turbine blade
Static analysis calculates the effect of steady loading conditions on a structure, while ignoring inertia and damping effects such as those caused by time-varying loads. Static analysis is to calculate the stresses, deflection, and reaction force of a structure when subjected to steady loading. Using the FE model of the gas turbine blade, a static structural analysis is carried out in the solution stage of ANSYS. The following process is followed.
Boundary conditions
The Gas turbine blade is fixed to the rotor. The half of the gas turbine blade root is fixed inside the rotor, so the displacement boundary conditions applied to the half of the blade root i.e. 
Blade Loading
The gas turbine blade subjected to three types of loads. These are the (i) axial, (ii) tangential and the (iii) centrifugal forces. Axial force acts parallel to X-axis, tangential force is parallel to Y-axis and the centrifugal force in radial direction i.e. parallel to Z-axis. For rotor blade, Axial force, F a = 16 N, Tangential force, F t = 995 N, Centrifugal force, F c = 39000 N. In the solution part of the ANSYS, the blade forces namely tangential, axial and centrifugal are applied on the node located at the centriod of the blade. The mechanical stresses and strains experienced by the rotor blade are then analyzed.
Results and discussion
The generated finite element model of the gas turbine blade was analyzed in ANSYS software for the given loading and boundary conditions. Results of the analysis are discussed below. Figure 4 shows the typical deflections in the x-, y and z-axes for a Ti blade while Table 2 summarizes the deflections for all the different blade materials studied. From Table 2 , we can see that Al and Ti blades undergo experience very similar deflections in all directions, namely, the axial, tangential and radial directions, while CI and Mg blades show comparable values in the axial and radial directions. The maximum stress is observed at the centroid of the blade which has the magnitude of about 671 MPa (seen as a red spot), which gradually dissipates across the blade surface from centroid. Minimum deflection is observed at the root of the blade. The analysis indicates that Ti blade is the best candidate. 
Static analysis of blade centrifugal force
Blade Stresses in different materials due to varying centrifugal force
It can be seen from Figure 5 that the Al blade stresses are below the yield strength of the material even after increasing the centrifugal force by 10% of normal value. However, the von Mises stress exceeds the yield strength beyond a 20% increase of normal value. The yield strength of Mg is 250 MPa. It is noted that the stresses in Mg blade reach the yield limit at about the 120% value of the centrifugal force. It is noted from the bottom figure which relates to the Ti blade performance that the von Mises stress in Ti blade is within the yield strength when increasing the centrifugal force beyond 20% of normal value. 
Summary of static analysis
In gas turbines, the centrifugal force is higher during operation that all other forces. It is well established that this is the main cause of blade failure in gas turbines. Table 3 summarizes the results of the static analysis for the five different blade materials considered in this study.
• Al and Mg are found to be within the yield stress, even at 10% higher centrifugal force • CI blades are the worst candidates with yielding occurring at 20% lesser forces than normal values • Stainless steel is okay up to 10% lesser forces than normal values • Ti is found to be the best material with safe limits over 20% of the normal centrifugal force 
Conclusion and future scope
This paper has used a combination of Reverse Engineering (RE) technique to first generate a solid model of a gas turbine blade and then analyzed this model in ANSYS finite element analysis package. Five different materials were used as prospective candidates. It was found that Ti is best material for gas turbine blades for the centrifugal forces considered in this study as it possesses outstanding properties of structural stability when exposed to varying temperature and fatigue loads, and also possesses maximum strength at high temperatures. The obtained CAD model can be used to get the automatic NC code for the manufacture of blade as further work with CAD/CAM integration. The methodology proposed in this paper can be extended to include validation of other components, material evaluation and analysis and to develop better and improved manufacturing methodologies for the components.
